Nakamura and coworkers [15] strongly support the conclusion that tissue-engineered cultivated oral mucosal epithelial sheets are useful in reconstructing the ocular surface of the scar phase of severe ocular surface disorders. Nishida et al. [16] reported that several patients consecutively treated with the oral mucosal approach showed remarkable improvements regarding the restoration of corneal transparency and postoperative visual acuity, and all corneal surfaces remained transparent during the follow-up period.
The main objective of this study was to differentiate human buccal mucosa (BMuc) into corneal epithelial lineages. The differentiated cells were characterized by assessing the upregulation of corneal stem cell and corneaspecific markers. The presence of p63 and CK3 was detected by performing immunocytochemical analysis in vitro. Next, the corneal constructs were implanted into a nude rat model of limbal stem cell deficiency as a proof of concept. The degree of vascularization and corneal haze were then assessed by slit lamp biomicroscopy, while the corneal thickness was evaluated 8 weeks after implantation via time-domain optical coherence tomography (OCT) scans. The animals were euthanized, and histological analysis was performed to detect the presence of CK3 and p63 in the corneal epithelial layer. All procedures for this study were approved by the Universiti Kebangsaan Malaysia Research 
METHODS
Buccal mucosa culturing process and formation of tissueengineered corneal construct: BMuc was obtained from four non-cancerous patients who underwent maxillofacial surgery. This was performed by a qualified maxillofacial surgeon at the University Kebangsaan Malaysia Medical Centre. BMuc Figure 1 . Schematic diagram of BMuc culturing process and the formation of tissue engineered corneal construct (TEC). Photo insert shows a TEC before implantation ((in vitro construct). Induced BMuc can be seen covering the epithelial side of the air-dried amniotic membrane (magnification: 400x).
graft was harvested from the inner cheek or the lower lip during the biopsy of non-cancerous lesions with a size of 5 mm (length) ×5 mm (width) × 2 mm (depth). This graft was added to the existing excisional biopsy. The wound was approximated with 3/0 Vicryl sutures. Post-harvest healing was typically uneventful without any cosmetic or any other long-term defect [17] .
The sample was transported to the laboratory and washed three times with phosphate buffered saline (PBS; Gibco Life Sciences, New York, NY). Collagenase type I (0.3%; Worthington Biochemical Corporation, Lakewood, NJ) was used to digest the tissue into single cells. The cells were resuspended in a mixture of Dulbecco's Modified Eagle Medium (DMEM) and Ham's F12, which contained 10% fetal bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin, and 2 mM L-glutamine, and Defined Keratinocyte SerumFree Medium (DKSFM; Gibco Life Sciences) and then plated in 6-well plates (Sigma Aldrich, St Louis, MO ). The adherent cells were washed twice and cultured for 5-7 d until cell clones were formed. Co-cultured cells were differentially trypsinized to remove the fibroblasts, and epithelial growth was maintained until confluence. The confluent epithelial cells were grown on two separate plates containing either DKSFM or limbal medium. Uninduced cells were trypsinized and seeded on an AM (Cryocord Sdn. Bhd., Cyberjaya, Malaysia) in a culture insert (BD Biosciences, Woburn, MA). The culture insert was then placed in a well containing mitomycin C-inactivated NIH 3T3 mouse fibroblast feeder layer cells (ATCC, Cat. No: CRL-1658), and limbal medium was added to the culture to induce BMuc into corneal epitheliallike cells. This co-culturing technique is widely used to enhance the stratification of epithelial cells [18] . The culture was maintained for 10 d to form the tissue-engineered corneal construct (TEC). A schematic diagram of the BMuc culturing process and the formation of the TEC are shown in Figure 1 .
Corneal epithelial cell isolation and culture:
Redundant corneal rings were obtained from donor tissue during corneal transplant surgery. The culturing process was conducted using a previously described methodology [19] . Briefly, the samples obtained upon corneal transplant surgery were incubated with 0.05% trypsin ethylenediamine-tetra-acetic acid (TE; Gibco Life Sciences, New York, NY) for 20 min at 37 °C. Trypsin inhibitor (Gibco Life Sciences, New York, NY) was added to stop the TE reaction and the epithelial cells were then collected. The cell suspension was centrifuged, and the pellet cells resuspended in limbal medium were seeded on mitomycin C-inactivated NIH 3T3 mouse fibroblast feeder layer cells. The limbal medium consisted of DMEM with glutaMAX-1 mixed 3:1 with Ham's F12 medium, supplemented with 10% fetal bovine serum (Gibco Life Sciences), insulin 5 g/ml −9 M, epidermal growth factor 10 ng/ ml −1 (Sigma Aldrich), and cholera toxin 10 −10 M (Merck, Sigma-Aldrich Inc.). The co-cultured cells were incubated at 37 °C in a 5% CO 2 incubator. The medium was replenished every 2 d. Corneal epithelial cells were subsequently used as reference in RNA and immunostaining analysis. An intact corneal ring was used for reference in immunohistochemical staining.
Total RNA extraction and gene expression analysis: Total RNA from the cultured cells was isolated using TRI reagent (Nikon, Tokyo, Japan), and the images were processed using NIS-Elements Viewer 3.20 image analysis software (Nikon, Japan).
Induction of damage to nude rat corneas: Nude rats were used in this study as a proof of concept. The rat strain was Crl: NIH-Foxn1 rnu and was purchased from Charles River (Taiwan). A corneal defect was created in 16 nude rats. Briefly, the nude rats were anesthetized using a mixture of ) of NaOH-soaked disc paper to the right eye of each nude rat, resulting in corneal epithelial stem cell deficiency. This protocol for generating corneal defects in animal models has been previously validated [20, 21] . Dexamethasoneneomycin (Maxidex) was applied to the defective eye three times per day for up to 5 weeks in all groups.
Treatment of corneal defect:
A 360° conjunctival peritomy was carried out, and scar tissue and vascularization were removed from the damaged site under anesthesia in all nude rats. The nude rats were then divided into three groupsa TEC group where the TEC was sutured onto the corneal surface using 8/0 Vicryl sutures with the cells facing up (n=4); an AM group where only an AM (without cells) was sutured onto the corneal surface (n=6); and an NT group where the defect was left empty (n=6). The implantation was performed 7 d after injury. Tarsorrhaphy was performed to protect the implanted site in cases of corneal exposure. The implanted constructs were maintained in vivo for 8 weeks, followed by histological and immunohistochemical analyses.
Histological and immunohistochemical analyses:
Histological and immunohistochemical analyses were carried out as previously described [22] . Briefly, samples were fixed with formalin, and paraffin embedded samples were sectioned. Hematoxylin and eosin (H&E) staining was used in the histological analysis. The purple stain represents the nuclei, whereas the cytoplasm and connective tissue were stained pink or red. The sections were also subjected to immunohistochemical staining using primary and secondary antibodies for immunocytochemical analysis. Briefly, the tissue was treated with antigen retrieval for 20 min and was incubated with 10% goat serum at 37 °C. Next, the tissue was incubated with primary antibodies and left overnight at 4 °C. The sections were counterstained with DAPI to visualize the nucleus. The stained tissue was observed using a Nikon A1 R confocal microscopy system (Nikon), and the images were processed using NIS-Elements Viewer 3.20 image analysis software (Nikon).
Ocular surface evaluation:
The corneal surfaces of live rats were investigated for clarity and neovascularization using a slit lamp and were documented after chemical injury (pre-implantation) at Week 2, Week 4, and Week 8 post-implantation. The nude rat corneas were scored based on the criteria in Table 2 . Corneal thickness was measured at the end of the experiment using OCT scans. The central region of the anterior segment of the corneas was measured in triplicate.
Statistical analysis: All the data obtained from corneal surface evaluations were processed using the Statistical Package for the Social Sciences (SPSS Version 18.0) software and analyzed using one-way ANOVAs. A value of p<0.05 was regarded as statistically significant.
RESULTS

Morphology of corneal epithelial cell cultures:
Corneal epithelial cells were cultured until 80% confluence. The corneal epithelial cell morphology showed a compact polygonal shape with small and dense colonies (Figure 2A ).
Cell morphology of uninduced and induced BMuc:
Uninduced BMuc cells were large, compact, dense, and polygonal in shape. Upon induction, no change in the morphology of the induced BMuc was noted ( Figure 2B,C) . ; p=0.03), p63 (1.39 × 10 −8 ± 3.70 × 10 −9 ; p=0.99), and CK3 (1.24 × 10 −8 ± 4.32 × 10 −9 ; p=0.98; Table 3 ). The expression levels of p63 and CK3 were not significantly different between uninduced BMuc and induced BMuc.
Gene expression analysis:
Immunocytochemical analysis:
Immunocytochemical analysis demonstrated positive protein expression of CK3 (92.15% ± 1.57) and p63 (85.54% ± 1.91) in corneal epithelial cells and induced BMuc (79.61% ± 3.43 and 77.09% ± 2.12, respectively; p=0.01). These two proteins were not expressed in the uninduced BMuc (Figure 3) .
Slit lamp biomicroscopy evaluation:
Fluorescein stain was applied to the outer surface of damaged corneas. The stained areas in the damaged sites were indicated by a green color when a blue light was shone onto the eyes, which apparently indicated signs of inflammation on the nude rat ocular surface. Both the NT and AM groups showed considerable vascularization that remained after 2 weeks and 4 weeks postimplantation (Grade 4), whereas in the TEC group the vascularization was significantly reduced from Grade 3 to Grade 2. At week 8 post-implantation, no significant difference was detected while total healing with little vascularization was apparent in the TEC group, which was graded at Grade 1 ( Figure 4 and Figure 5 ). Figure 5 shows the corneal thickness measurements obtained using OCT scans at 8 weeks post-implantation. TEC generated thin corneas measuring 130.97±2.03 µm (p=0.15); in the NT group, the thickness was 244.50±5.63 µm (p=0.01) and in the AM group the thickness was 137.44±9.46 µm. Normal corneas has a mean thickness of 119.66±5.04 μm. There was no significant difference in corneal thickness between TEC, AM and normal corneas (p=0.37). The non-treated groups generated thick corneas approximately double the thickness of a normal cornea (p<0.05; Figure 6 ).
Corneal thickness measurement:
Histological analysis: Induced BMuc were cultivated on an AM before implantation, covering the epithelial side of the air-dried AM (Figure 1 ). The corneal epithelial and stromal layers were assessed and compared with those of normal rat corneas. The NT group showed a thin epithelial layer supported by a loose stromal layer with the absence of blood vessels. In the AM group, irregular epithelial layers with goblet-like cells were observed with an unaligned stromal layer. In the TEC group, epithelium consisting of four to five irregular layers of cells with a compact and aligned stromal layer was noted, resembling a normal rat cornea (Figure 7 ).
Immunohistological analysis: Immunohistological analysis revealed positive CK3 and p63 staining in the corneal epithelial layers of normal rats and in the TEC and AM groups. The expression was observed in nearly the entire epithelial layer. However, neither of these markers were expressed in the NT group (Figure 8 ). 
DISCUSSION
In this study, we have shown that AM and TEC are effective in facilitating corneal epithelial repair. This is proven by the restoration of corneal thickness as seen in OCT assessment and good stromal alignment in histological evaluation in both groups. It is noteworthy that both epithelial and stromal layers in TEC appeared to be more compact compared to those of AM. In terms of corneal clarity and the absence of vascularization, TEC scored significantly better compared to AM. This difference was noted as early as Week 2 post-implantation. This suggests that the rate of healing and remodeling of the cornea may be faster in TEC.
In our previous study, TEC formed using induced bone marrow mesenchymal stem cells (BMSCs) was tested in damaged nude rat corneas [19] . It was shown that TEC formed using induced BMSCs significantly reduced vascularization and improved corneal clarity when compared to treatment with an AM alone or to no treatment. In this study, we explored the feasibility of inducing BMuc for the same purpose. The rationale is that BMuc are easily available and are inherently epithelial in nature. We have shown that BMuc can be successfully induced into corneal epithelial cells in vitro, as demonstrated by the positive gene and protein expression of specific markers of the corneal epithelial cells after induction.
The in vitro results showed significant upregulation of β-integrin, C/EBPδ, and ABCG2 in BMuc after induction. β-integrin, C/EBPδ, and ABCG2 are corneal stem cell markers that are involved in regulating epithelial cell differentiation [23] , the cell cycle, and self-renewal in human limbal stem cells [24] and that protect corneal epithelial progenitor cells against oxidative stress induced by toxins and hypoxia [25] . Immunocytochemical analysis indicated that CK3 and p63 were highly expressed in induced BMuc but were absent in uninduced BMuc, confirming the results reported by Kolli et al. [26] and Madhira et al. [9] . We concluded that limbal medium is suitable for inducing a corneal epithelial-like phenotype [19] .
In the slit lamp biomicroscopy evaluation, the TEC group showed remarkable improvement in terms of corneal clarity and non-vascularization compared to the AM and NT groups. Judging from the improvement of corneal score over time, we predict that both AM and TEC will be able to achieve total clarity and non-vascularization at a later time but not NT.
In our previous study, the corneal thickness of the TEC prepared using induced BMSCs was significantly higher compared to that of the control group [19] . Corneal thickness using TEC prepared with induced BMSCs (276.50 µm) seemed to be thicker compared to TEC prepared with induced BMuc (130.97 µm). The initial thickness of the rat corneas was the same in both studies. In both studies, the corneal thickness of the TEC group was significantly higher than that of the AM and NT groups. However, in terms of epithelial thickness, both TEC-treated groups appeared to have four to five epithelial layers that stained positive for p63 and CK3. This suggests that the increased corneal thickness seen in the groups treated with TEC prepared with induced BMSCs is due to the thickening of the stromal layer. However, both groups maintained a compact and aligned stroma that in the AM and NT groups appeared loose or irregular. In both studies, treatment using AM seeded with cells resulted in significant improvement in terms of corneal clarity and nonvascularization compared to AM alone.
Treatment with AM, which is still the gold standard, provided a reasonable restoration of the cornea. The addition of epithelial-like cells on AM improved corneal clarity, prevented vascularization, and increased corneal thickness and stromal alignment. The translation of these improvements into corneal function is yet to be proven. The role of induced BMSCs or BMuc may be more relevant in cases of limbal stem cell deficiency. One limitation of the study is that functional parameters such as visual acuity testing and ocular surface regularity [27] were not evaluated.
In conclusion, human BMuc can be induced to express a corneal epithelial-like phenotype. The addition of BMuc improved corneal clarity, prevented vascularization, and increased corneal thickness and stromal alignment and showed no adverse effect on the host after implantation.
